Diarrheal diseases are an important cause of death in infants and young children in developing countries. One of the major causative agents of bacterial diarrhea is enterotoxigenic Escherichia coli (ETEC). For this reason, attention has been focused on efforts to develop a vaccine to protect against disease caused by these organisms. Pili are prime candidates for vaccine development, since they are presumably involved in the earliest step in the infectious process, attachment of the bacterium to the host. Since ETEC strains often produce serologically different pili, a vaccine would have to include epitopes from more than one type of pilus. For this reason, it would be helpful to analyze different members of the family of pili from ETEC strains associated with human disease to learn about their similarities and differences.
Among human ETEC strains, several types of pili have been distinguished on the basis of antigenic specificity and/or of subunit molecular weight. The best studied of these are CFA/I (colonization factor antigen I), CS1 (coli surface antigen 1), and CS2 (8, 21, 40) . These three pilin types seem to form a family on the basis of several types of data. First, although present in different strains of ETEC, they are all positively regulated by rns or a closely related gene (1, 3, 35) . Second, the N-terminal amino acid sequence of the major pilin protein is almost identical for these three pilins and for CS4 and PCF0166 as well (43, 49) . Third, for CFA/I and CS1, the DNA sequence of the four genes needed for their synthesis in E. coli shows extensive homology between the proteins (10, 12, 17, 18, 27) .
Of the genes encoding pili from human ETEC strains, so far only the genes for CS1 have been studied for function. Morphogenesis of CS1 pili appears to be completely different from that of other kinds of pili found on gram-negative bacteria, such as pap-related pili (which are found on E. coli strains associated with pyelonephritis) and the common type 1 pili (6, 14, 32) . To express CS1 pili in E. coli K-12, only four genes are needed (10) . The major pilin subunit, encoded by cooA, lacks the features common to the better-studied pilins, including disulfide bonds and a penultimate tyrosine (25, 27) . No typical chaperonins can be identified by sequence comparisons (10, 38) . It appears, therefore, that the pili found specifically on human ETEC strains constitute a new family, and their relationships to each other may help us understand their morphogenesis.
The phenotype of mutants with mutations in each of the coo genes needed for production of CS1 pili is absence of pili. Mutants with mutations in cooB, cooC, or cooD make pilin but do not produce structures identifiable as pili (10, 38) . Thus, for CS1 and, by analogy, for the other pili of human ETEC strains, there is no clear candidate for a gene that might encode a separate adhesin which is present only at the tip of the pilus structure.
We have previously determined that CS2 pili are encoded by chromosomal genes (27) , unlike both CFA/I and CS1 pili, which are encoded on plasmids. However, like CS1, CFA/I, and CS4, CS2 pili are positively regulated by rns, which is on a plasmid (1-3, 47, 48) . We have cloned the CS2 genes, cotB, cotA, cotC, and cotD, and we present the translation of their DNA sequence here. Further, we have determined that crosscomplementation occurs between some of the CS1 and CS2 proteins.
MATERIALS AND METHODS

Media.
For most experiments, the bacteria were grown in Luria-Bertani broth (36) . For hemagglutination and electron microscopy, cultures were grown on CFA agar (9) . Antibiotics used were 50 g of ampicillin per ml, 40 g of chloramphenicol per ml, 40 g of kanamycin per ml, and 10 g of tetracycline per ml.
Bacterial strains and plasmids. E. coli K-12 strains MC4100 and DH5␣ (4, 33) were used for cloning. ETEC C91f-6 is a spontaneous CS pilus-minus derivative of the wild-type ETEC C91f, which expresses CS2 (40, 41) . Strain LMC10 is a lac deletion, restriction-negative derivative of the ETEC-derived strain C921b-2 which expresses CS1 pili (1) . Strain JEF100 is a derivative of LMC10 that contains the cooB1 allele in place of the wild-type cooB (38) . The cooB1 allele is an insertion of a kanamycin resistance omega fragment, which inhibits transcription and translation. Strain FAK001 is a derivative of LMC10 which contains a tetracycline resistance omega fragment inserted into cooC (10) . See Fig. 1 for the location of the omega fragment in JEF100 and in FAK001.
The cosmid vector pHC79, which carries ampicillin resistance (5), was used for cloning the CS2 gene cluster. The high-copy-number vector pUC19, which carries ampicillin resistance (23) , and the low-copy-number pSC101-based vector pHSG576, which carries chloramphenicol resistance (44), were used for cloning. The rns-containing plasmids used were pEU2030, with rns cloned into pUC18 (1); pEU2040, with rns cloned into pHSG576 (27) ; and pEU2021, with rns cloned into pBR322 (1) . Plasmid pEU478 contains cooC and cooD cloned under the lac promoter in pHSG576 ( Fig. 1) (10) .
The CS2 gene cluster was cloned as described previously for the CS1 gene cluster (27) . Total DNA from E. coli C91f-6 was partially digested with Sau3A to give fragments 30 to 45 kb in size which were ligated to pHC79 cut with BamHI. The ligated DNA was packaged into lambda by using the Gigapack Plus kit (Stratagene), and the lambda was used to transduce E. coli DH5␣ containing pEU2040, which encodes Rns. Of the 452 ampicillin-and chloramphenicolresistant colonies tested by colony immunoblot analysis with antiserum specific for CS2 (see below), 3 were positive. One clone which contained CS2 antigen in heat extracts as determined by Western blot (immunoblot) analysis was chosen for further study. The plasmid contained in this CS2-positive strain was designated pEU5006. Plasmid pEU5006 was digested with PstI and EcoRV, and the 5.7-kb fragment was isolated and ligated to pUC19 digested with PstI and SmaI to give pEU588. This 5.7-kb fragment corresponds to bases 6 to 5698 of the sequenced DNA (see below).
The plasmids described below were cloned so that the pilin genes were expressed from the lac promoter in the vector (Fig. 1) . To make plasmid pEU555, which contains cotB and cotA, a 6.0-kb ClaI-EcoRI fragment was blunted and ligated to pUC19 digested with SmaI. The EcoRI site of the 6.0-kb fragment is at bp 2753 in the DNA sequence. To make plasmid pEU582 (which contains cotC and cotD), a 4.0-kb PvuII fragment, extending from bp 1642 to 5591, was purified and ligated to pUC19 digested with SmaI. The presence and orientation of all inserts were confirmed by restriction analysis.
Antiserum preparation. The anti-CS2 antiserum was prepared from C91f-6/ pEU2021 cells as described by Scott et al. (38) . Nonspecific antibodies were removed by adsorption with sonicated E. coli MC4100 and LMC10. The anti-CS1 antiserum was prepared as described previously (38) .
Western blots and hemagglutination. Western blots were performed on whole-cell extracts as described by Perez-Casal et al. (27) , and hemagglutination was performed in the presence of mannose as described by Caron et al. (3) . Bovine erythrocytes (obtained from D. Jacobsen, University of Georgia) were used for the hemagglutinations.
DNA sequencing. The sequence of both strands was determined for bases 360 to 5798, and the sequence of the first 360 bases, which were 99% homologous to IS3, was determined on only one strand.
Electron microscopy. Strains were grown at 37ЊC on CFA agar containing the proper antibiotics. A small sample of each strain was suspended in 25 l of a solution containing 1 mM Tris-HCl (pH 7.5) and 10 mM MgCl 2 . The bacteria were allowed to float on the surface for 60 min at room temperature. A 10-l volume of the sample was diluted into 15 l of the same solution, and Formvarcoated carbon grids (200 mesh) were floated on the diluted sample for 30 min. Excess medium was removed with a paper wick, and the grids were stained for 10 to 15 s with ammonium phosphotungstate (pH 7.0). The grids were examined with a Philips CM-10 transmission electron microscope. For immunogold electron microscopy of pili, bacteria were adsorbed to Formvar-coated nickel grids as above and the grids were blocked in TBS (20 mM Tris-HCl, 150 mM NaCl [pH 7.8]) containing 3% bovine serum albumin (BSA). Grids were then floated on anti-CS1 antibody or anti-CS2 antibody for 2 h, washed six times in TBS-1% BSA, floated for 1 h on pools of 1:10-diluted gold-conjugated goat anti-rabbit immunoglobulin G (20-nm-diameter gold particles; EY Laboratories), washed six times in TBS, and counterstained as above for up to 40 s.
Nucleotide sequence accession number. The CS2 gene sequence has been submitted to the EMBL database under accession number Z47800.
RESULTS
CS2 gene cluster.
To begin the analysis of the CS2 gene cluster, we constructed a cosmid library of total DNA from an ETEC strain that expressed functional CS2 pili. The library was screened by colony immunoblot with anti-CS2 antiserum, and a cosmid clone that expressed functional CS2 pili, as measured by hemagglutination, was isolated and subcloned. The subclone, plasmid pEU588, which contains an insert of about 5.7 kb, produces pili in E. coli K-12 strain MC4100 (Fig. 2 ), which were shown by hemagglutination to be functional (data not shown). Sequence analysis of this DNA region revealed that it contains four open reading frames, which we named cot (for coli surface antigen two). [11, 39] ), which starts 14 bases upstream of the AUG start codon. The predicted CotA protein is 170 amino acids in length and is expected to have a 23-amino-acid signal sequence (46) . Processing at the end of the signal sequence would generate a 15.4-kDa protein in the periplasm.
cotC. The third gene in the CS2 cluster, called cotC, is 2598 nucleotides in length (bases 1836 to 4433). There is a potentialribosomal binding site (AAG [11, 39] ) starting 14 bases upstream of the AUG start codon. The mature protein is expected to be 94.6 kDa in the periplasm after cleavage of a predicted 26-amino-acid signal sequence (46) . cotD. The fourth open reading frame, cotD, is 1,092 nucleotides in length (bases 4451 to 5542). The only start codon with a region predicted to be a ribosome-binding site at the proper distance upstream is the less frequently used start codon UUG. The potential ribosomal-binding site (GAGGT [11, 39] ) starts 10 bases upstream from this. The predicted 364-amino-acid protein is expected to have an 18-amino-acid signal sequence (46) , whose cleavage would generate a 38.9-kDa protein in the periplasm.
Homologies. A search of the combined GenBank databases with the Blast software showed that CotB, CotA, CotC, and CotD have significant homology with the gene products of the CS1 and CFA/I pilin gene clusters (10, 12, 17, 18, 27) .
The product of the first gene in the cluster, CotB, is homologous to the products of the first genes in the CS1 and CFA/I gene clusters, CooB and CfaA, respectively (12, 17) . Mature CotB is 54% identical and 72% similar to mature CooB and 52% identical and 71% similar to mature CfaA (Fig. 3) .
CotA shows significant homology to the major pilin proteins of CS1 (CooA) and CFA/I (CfaB) (Fig. 4) (12, 27) . All three are coded for by the second gene in their respective gene clusters. Mature CotA is 50% identical and 64% similar to mature CooA and 51% identical and 68% similar to mature CfaB (Fig. 4) . The first 30 amino acids of the predicted mature CotA protein correspond to the N-terminal 30 amino acids determined for the CS2 antigen (42) . Unlike many other pilins, CotA, CooA, and CfaB have no cysteines.
The predicted CotC protein shows homology with proteins encoded by the third genes in the CS1 and CFA/I gene clusters, CooC and CfaC, respectively (Fig. 5) (10, 18) . As was found with CooC and CfaC (10), there is not much homology between CotC and its relatives in the regions containing the signal sequence (Fig. 5) . However, mature CotC is 58% identical and 73% similar to mature CooC and 56% identical and 72% similar to mature CfaC (Fig. 5) .
The product of the fourth gene in the CS2 cluster, CotD, is homologous to the proteins encoded by the fourth genes of the CS1 and CFA/I gene clusters, CooD and CfaE, respectively (10, 18) . Mature CotD is 52% identical and 67% similar to mature CooD and 50% identical and 68% similar to mature CfaE (Fig. 6) .
Complementation. Since the gene products needed for CS2 and CS1 pili production are homologous, we wished to determine whether they could complement each other for production of pili. Compatible plasmids containing the A and B genes from one cluster and the C and D genes from the other were constructed (see Materials and Methods). In these plasmids, the coo and cot genes were expressed from the lac promoter (see Materials and Methods) ( Table 1 ; Fig. 1 ).
All complementation experiments were done with mutants of the ETEC-derived strain LMC10, which has the genes for CS1 pili. Two mutants of LMC10 were used. The first, JEF100, expresses no coo gene products because it contains an omega insertion in the first gene in the cluster, cooB, which is polar on the downstream genes ( Fig. 1) (38) . JEF100 does not provide CooA detectable on Western blots of whole-cell extracts (Fig.  7A, lane 1) . We showed previously that JEF100 does not express pili and that the coo genes can act in trans to complement this mutant for production of CS1 pili (38) . In the complementation test, the cotA and cotB products were produced from pEU555 and the cooC and cooD products were produced from pEU478 in the JEF100 background (Fig. 1) . Western blot analysis indicates that JEF100/pEU555/pEU478 produced no detectable CooA (Fig. 7A, lane 4) but produced CotA as expected (Fig. 7B, lane 3) . The JEF100 strain with either plasmid alone produced no CooA protein (Fig. 7A, lanes 2 and 3) and produced CotA protein only when pEU555 was present 
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at Penn State Univ on April 16, 2008 iai.asm.org Downloaded from (Fig. 7B, lanes 1 and 2) . Although JEF100 carrying either plasmid alone produced no visible pili (data not shown), JEF100/pEU555/pEU478 was highly piliated (Fig. 8A ). This indicates that cotA and cotB can interact with cooC and cooD to form visible pili. That JEF100/pEU555/pEU478 has CS2 and not CS1 pili was confirmed by immunogold electron microscopy ( Fig. 8A ; data not shown for anti-CS1). For the reciprocal experiment, a different mutant derived from LMC10 was used. Strain FAK001 contains an omega insertion in cooC (Fig. 1) , so it expresses no CooC and little or no CooD (10) . In the presence of a plasmid producing Rns, the positive regulator of the CS1 and CS2 genes, FAK001 expresses CooB and CooA (10) . FAK001/pEU2040 (a plasmid producing Rns) expresses cooA (Fig. 7A, lane 5) but makes no visible pili (Fig. 8B) . In the homologous complementation, pili are visible. Strain FAK001 carrying pEU2030 (which expresses Rns) and pEU478 (which expresses CooC and CooD) ex- presses CooA (Fig. 7A, lane 6 ) and is highly piliated (Fig. 8C ) (10) . In the heterologous complementation, when pEU582, which encodes cotC and cotD, is present in FAK001/pEU2040, CooA is expressed (Fig. 7A , lane 7) and many pili are also visible (Fig. 8D) . Thus, cooA and cooB can also interact with cotC and cotD to form pili. Immunogold electron microscopy confirmed the presence of CS1 and absence of CS2 pili on FAK001/pEU2030/pEU478 (Fig. 8C ) and FAK001/pEU2040/ pEU582 ( Fig. 8D ; data not shown for anti-CS2). DNA sequence upstream and downstream of the CS2 gene cluster. The region upstream of the CS2 gene cluster is of interest because it contains the promoter for at least the first gene (cotB) of the CS2 gene cluster and possibly includes regulatory elements. Part of this region (bases 1 to 369) is 99% homologous with the last 369 bases of the IS3 insertion sequence (45) . Directly following the IS3 homology is a region (bases 369 to 401) which is 100% homologous with bases 73 to 41 of IS1 (26) . There is a potential promoter (bases 422 to 451) upstream of the CotB open reading frame (which begins at base 499). This promoter is very likely to be utilized, since both the Ϫ35 (gTGACA) and the Ϫ10 (TATcAT) regions match the consensus in 5 of 6 bases and the spacing of 18 bases between the two regions is acceptable (13, 28) .
Downstream of the cot gene cluster, 253 bp was sequenced. There are no open reading frames in this region, and a search of the GenBank database showed no significant homologies with it.
DISCUSSION
The sequence of the four cot gene products needed for production of CS2 pili by E. coli K-12 shows them to be related to the coo gene products for CS1 pili and the cfa gene products for CFA/I pili. The predicted hydrophobicity plot of each of the cot gene products is very similar to the hydrophobicity plot predicted for its homologs. These three types of pili found on different ETEC strains isolated from human infections are clearly members of the same family. For all four genes in this family, there are regions conserved in all three members of the pilus family interspersed with nonhomologous regions (Fig. 3  to 6 ). These highly conserved regions are likely to be important for protein structure and function.
In addition to the homology found between CotA and the CS1 and CFA/I major pilin proteins CooA and CfaB, the N-terminal amino acid sequences of the CS4 and PCF0166 pilin proteins are also homologous (43, 49) . All of these pili are found on ETEC strains associated with human disease. Amino acids 2 to 20 of the mature CotA protein are 73% identical and 84% similar to amino acids 2 to 20 of the CS4 pilin. Comparing PCF0166 with CotA, amino acids 2 to 25 of the mature proteins are 79% identical and 100% similar. At this time, only the N-terminal sequences of the CS4 and PCF0166 pilin proteins are known, so it is possible that the homology extends over the entire proteins. These homologies suggest that CS4 and PCF0166 pili may be additional members of the same family as CS1, CS2, and CFA/I.
The major pilin proteins, CotA, CooA, and CfaB, are serologically different, although weak cross-reactivity has been reported among some of them (22) . In addition, the predicted sequences of the proteins encoded by each of the other genes needed to produce pili show some differences (Fig. 3, 5, and 6 ). For the major pilin antigen (the second gene in each cluster) and the protein encoded by the third gene of each cluster, the predicted pI values of the homologs are similar (second gene: CotA, 4.86; CooA, 5.5; CfaB, 5.09; and third gene: CotC, 6.53; CooC, 5.36; CfaC, 6.88). However, for the first gene in each cluster, there is a large difference in the predicted pI values between CotB (pI 8.6) and the other two, CooB (pI 10.3) and CfaA (pI 10.2). Similarly, for the last gene in the clusters, there is a large difference in pI values predicted for one of the family members. The predicted pI of CfaE is 9.2, while the predicted values for the CooD and CotD proteins are 7.1 and 7.0, respectively. Because neither the three-dimensional structures nor the functions of these proteins are known, it is too early to suggest the possible significance of the differences in predicted pI values.
The only one of the proteins encoded by the CS1, CS2, and CFA/I gene clusters whose function can be predicted from sequence analysis is CotC and its homologs CooC and CfaC. These proteins have several properties in common with those of outer membrane proteins (15, 24) . All three proteins are predicted to have high beta-sheet and low alpha-helix content (30, 31, 34) . They also have a high content of charged amino acids and are predicted to have no extensive hydrophobic regions. Therefore, we expect that CotC, CooC, and CfaC are outer membrane proteins.
Some limited homology was found between CotC and some characterized outer membrane proteins. Among these, the gene product with the most homology to CotC (and also to CooC and CfaC) is Cfa1A of Yersinia pestis, which encodes a protein involved in capsule biogenesis. This process is thought to be similar to formation of pili (19) , and the Cfa1A protein has some homology to PapC, an outer membrane protein required for dissociation of the pap pilin from the PapD chaperonin and for addition of the pilin subunits in the correct order to form a pilus structure (7) . Two other gene products with some limited homology to CotC are FanD and FimD. These are large outer membrane proteins required, respectively, for assembly of K99 pili of ETEC strains from animals and type 1 pili of Salmonella typhimurium (29; Swenson and Clegg accession number P37924). Both FanD and FimD also show homology to PapC. These homologies suggest that CotC is an outer membrane protein needed for export and assembly of the CS2 pili. In agreement with this hypothesis, we have shown previously that CooC is required for assembly of the CS1 pili (10) . Because of its probable localization in the outer membrane and because of the predicted large size of CotC, comparison with other pilus systems would suggest that CotC is probably involved in transport of the growing pili through the outer membrane of E. coli.
The success of cross-complementation in the ETEC strain between pilus proteins with analogous functions presumably depends on local similarities at the regions important for their interaction with the other proteins needed for pilus formation. Even in systems in which the function of the proteins is better iai.asm.org understood than that of human ETEC pili, it has not been possible to predict the results of cross-complementation experiments. For example, the genes for the pap chaperone (papD) and the type 1 chaperone (fimC), which are only 32% identical, complement in only one direction. The wild-type papD complements a mutation in fimC, resulting in production of type 1 pili, but wild-type fimC is unable to complement a papD mutation (16) . On the other hand, although their products are 68% identical, fimC and focC (which encodes the chaperone of F1C pili) cannot replace each other unless their cognate usher protein is present (20) . In this work, we have shown that CotC and CotD can substitute functionally for CooC and CooD, and vice versa, although they share only about 50% amino acid identity. This suggests that the major pilins of CS1 and CS2 are FIG. 8 . Electron micrographs. JEF100/pEU555/pEU478 was incubated with anti-CS2 as discussed in Materials and Methods. FAK001/pEU2030/pEU478 and FAK001/pEU2040/pEU582 were incubated with anti-CS1. All three strains were then incubated with gold-conjugated goat anti-rabbit immunoglobulin G. (A) JEF100/pEU555/pEU478; (B) FAK001/pEU2040; (C) FAK001/pEU2030/pEU478; (D) FAK001/pEU2040/pEU582. For a description of which CS1 and CS2 genes are present in each strain, see Table 1 and Fig. 1 at Penn State Univ on April 16, 2008 iai.asm.org similar enough for either predicted transport protein to interact with both. The lack of specificity of the assembly functions of the human ETEC pili may be useful for design of a vaccine consisting of an enteric bacterium that can produce several pilus types. The complementation tests (Table 1) demonstrated that pili containing CotA can be made by using the CooC and CooD proteins and, conversely, that pili containing CooA can be made by using the CotC and CotD proteins. Thus, it appears that the presence of either version of the C and D proteins will allow the polymerization of the nonhomologous major pilin protein. We therefore anticipate that it will be possible for a vaccine strain expressing either version of the C and D proteins to produce either both kinds of pili and/or chimeric pili containing mixed subunits. If this is correct and if this complementation can be extended to the other members of the human ETEC pilus family, this might greatly facilitate development of a pilus-based ETEC vaccine.
Many virulence gene clusters appear to have been imported as a unit into bacteria that may not have previously been pathogenic. This is deduced from their unusual GϩC content and/or from the presence of insertion sequences flanking them. The CS2 gene cluster is 39% GϩC, which is significantly lower than the average for E. coli (50%). Therefore, as we previously suggested for the CS1 gene cluster (10) , the CS2 region may have been introduced recently into E. coli as a cassette by transposition.
We had noted previously that the CS1 gene cluster is bounded by IS-related sequences (10, 37) . We have now found that upstream of the CS2 gene cluster is the 3Ј end of an IS3 element (45) , and it is possible that a complete IS3 is present. However, within the 253 bases that have been sequenced downstream of CS2, no IS-related sequences have been found. This might indicate that the CS2 gene cluster was not introduced into E. coli on a transposon or that it has been present in E. coli long enough for the downstream IS to have diverged more than the sequences flanking the CS1 gene cluster. It is also possible that an IS remnant is present downstream of the cot genes but that it does not resemble any currently identified IS elements. Finally, it is possible that there is an IS element present further downstream from the CS2 gene cluster.
